We report on the ultraviolet ͑UV͒-radiation sensing of pulsed-laser deposited In 2 O 3 : SnO 2 : ZnO films grown on glass substrates. The films demonstrate sharp increase ͑ϳ0.35 ⍀͒ in electrical resistance on UV illumination. The resistance of the films shows strong spectral ͑in the vicinity of 325 nm͒ and power dependence. This is explained due to the presence of defects located at lattice disorders that generate levels within the semiconductor band gap and originate depletion region around them when charged. This reduces the effective conduction region, increasing the effective resistance. These results show new possibilities for the low-cost high performance UV radiation sensors for biosafety. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3043455͔
Prolonged human exposure to solar ultraviolet ͑UV͒ radiation may result in acute and chronic health effects on the skin, eye, and immune system. Over the longer term, intense UV radiation induces degenerative changes in cells of the skin, fibrous tissue, and blood vessels leading to premature skin aging, photodermatoses, actinic keratoses, and in the most serious cases, skin cancer can occur. 1 It is expected that the UV doses may increase drastically due to the depletion of the ozone layer caused by the recent pollution. Therefore, affordable UV detectors are in continuous demand for monitoring outdoor radiations. Apart from this, UV radiation is one of the major concerns for space exploration. With this in mind, there is a need for a real-time UV monitoring system, which preferably should record data from a sensor array to provide an alarm for the human safety. This work focuses on the development of UV radiation sensors based on composite semiconductor oxide thin films. The cost effectiveness of these sensors is one of the key requirements for being competitive field of research.
Multicomponent semiconductor oxides mainly composed of elements such as indium, zinc, tin, or gallium are starting to become a very promising new class of materials for application in transparent electronics. 2, 3 The major characteristic of these materials is high mobility, and the electrical behavior is a consequence of a conduction band primarily derived from spherically symmetric heavy-metal cation ns orbital with ͑n −1͒d 10 ns 0 ͑n Ն 4͒ electronic configuration. There is a large overlap between the adjacent orbital since ns orbitals have large radii, forming a well defined path for carriers. Hence the carrier transport becomes insensitive to the degree of disorder of the film. For this reason, this class of quasipolycrystalline and amorphous semiconductors are preferred since the processing temperature is lower and the uniformity of film characteristics is better.
2 Indium zinc oxide ͑ISZ͒ is one of these new materials, and it can be used not only as a substitute of conventional transparent conductive oxides but also as a potential material for ␥-radiation sensing. 4 In this letter, we report that the ISZ films synthesized by the pulsed-laser deposition ͑PLD͒ system demonstrate potential candidate for UV sensor.
Composite semiconductor In 2 O 3 : SnO 2 : ZnO films were grown on glass and sapphire substrates by the PLD technique ͑KrF excimer, = 248 nm, laser repetition rate of 5 Hz͒ with a pulse energy density of 1 -2 J / cm 2 . In 2 O 3 : SnO 2 : ZnO ͑90%:5%:5%͒ target was used for the deposition. The stoichiometric mixtures were heated at 1050°C, palletized, and isostatically pressed at 500 MPa followed by heat treatment. Clean glass and sapphire substrates were loaded to the chamber and heated just after the ultimate base pressure Ͻ3 ϫ 10 −8 Torr is reached. It is noted that the glass substrates were preheated above its strain point 480°C in order to inhibit film cracking. The films of about 50-100 nm in thickness were deposited at several substrate temperatures ͑T s ͒ at an oxygen partial pressure ͑pO 2 ͒ =1ϫ 10 −4 Torr. The x-ray diffraction ͑XRD͒ of the films was done in a Rigaku x-ray diffractometer using Cu K␣ radiation. For the electrical properties measurements, Ti/Cu line-shaped electrodes were deposited on the glass substrates via magnetron sputtering.
XRD patterns of the films are shown in Fig. 1 for films grown on sapphire and glass substrates. The films display polycrystalline behavior when grown on glass and sapphire substrates at 350 and 500°C, respectively. The Bragg reflections that correspond to the In 2 O 3 polycrystalline film appear. However, the film grown on glass substrates at lower temperature, such as 100°C, shows amorphous behavior. It is noted that the films grown on glass and sapphire substrates at 350 and 500°C, respectively, were used for further characterizations. In order to illustrate the surface morphology of the ISZ films, atomic force microscopy ͑AFM͒ images were shown in the inset of Fig. 1 . The nanocrystalline surface of ISZ film is prominent when the films are grown on sapphire substrate. The grain size is about 80-100 nm with surface roughness of 3 nm. However, ISZ films display smooth surface morphology with surface roughness of 2 nm when grown on glass substrate. It is interesting to note that the ISZ films grown on thin glass substrates demonstrate ripplelike feature.
The spectral response of the electrical resistance was performed using Xe lamp attached to a monochromator, and the results are shown in Fig. 2 for a 100 of the film exposed to the light is about 0.25 cm 2 . The peak in electrical resistance in the vicinity of 350 nm indicates a strong spectral response to the UV radiation of the sensor. The influence of light illumination on the electrical properties of ISZ films was traced via the measurements of the electrical resistance versus time for a particular radiation dose, which were recorded in real time ͑interval of 1 s͒ using high resolution and automated transport measurement system. Sharp increase in resistance was observed when the sensor was illuminated with either 1 W / cm 2 white light ͑containing ϳ60% of UV͒ and He-Cd laser ͑ = 325 nm and 5 mW power͒ and shown in Fig. 3 . The change in the electrical resistance is reproducible and reversible between on and off ͑on↔ off͒ conditions. The rise and fall time ͑respon-sivity͒ of the film sensor remain very sensitive. However, slow resistance change ͑both rise and fall͒ under white light ͑multiple wavelengths͒ compared to fast change when illuminated under He-Cd laser ͑single wavelength͒ may be attributed due to the charge trapping, which caused current transient in the former case. It is noted that no significant difference in electrical resistance was observed between two types of films, deposited on sapphire and glass substrates. Hence, all the electrical results are presented on ISZ films grown on glass substrates for technical point of view.
In order to study the power dependence, the film sensor was illuminated with the white light from a solar simulator by controlling power output. can be utilized for the fabrication of high performance UV sensor array with remarkable responsivity and sensitivity.
The understanding of physical properties of the films under the influence of radiation is very important for the successful design of novel high performance dosimeter devices for real-time operation. The major advantages are the simplicity in film formation for the fabrication of devices with miniaturization, repeatability, reliability, and lowering of the manufacturing cost. Detection of radiation is based on the fact that both the electrical and the optical properties changes upon the exposure to UV radiation. The electrical resistance change is caused by a loss or gain of surface electrons. However, photoconduction in a semiconductor also modulates the electrical resistance. The electrical responsivity R i consists of two terms: photogenerated free carriers ⌬n and the other due to the light induced modulation of the effective conduction ⌬S according to the photoconductive mechanism model. 5 This can be expressed in a relation described in Eq. ͑1͒,
where q is the electron charge, e is the electron mobility, L is the distance between contacts, S is the conductive region, and n is the free carrier concentration, which is about 5 ϫ 10 20 cm −3 for ISZ film. The sharp change in the electrical resistivity on UV radiation explains the high response below the band gap of ISZ. The calculated band gap from optical absorption for ISZ film is about 3.8 eV, which close to the recent report. 6 This is confirmed from the calculated band gap from the optical absorption as shown in the right bottom inset of Fig. 4 . This explains that the resistance change is highly sensitive in the vicinity and above the wavelength corresponding to the optical band gap of ISZ. It is anticipated that the defects located at lattice discontinuities, such as dislocations, grain boundaries, and interfaces, generate levels within the semiconductor band gap and absorb visible radiation. These defects originate a depletion region around them when charged. This reduces the effective conduction region of the device, increasing the effective resistance of the film. Although light absorption by those defects is negligible, 7 the effect of UV radiation on the conductive region of the film remains significant. Similar model was used to explain the transport properties of GaN layers 8 taking into account the light-induced modulation of the carrier mobility. However, another possible explanation is that resistance variation may be related to the charging and discharging effects of existing traps, 9 which is a very common phenomenon in a disordered semiconductor. The present results on composite ISZ films are significantly different than the UV sensing in ZnO-based junction devices. 10, 11 In summary, we have demonstrated the remarkable UVradiation sensing of In 2 O 3 : SnO 2 : ZnO films grown on glass substrates by the PLD system. The electrical resistance sharply increases on UV illumination and exhibits reversible process on light on and off conditions. The films show a strong spectral and power dependence on resistance as well. The resistance change in the film is explained in the framework of defects present in the film. The defects located at lattice discontinuities, such as dislocations, grain boundaries, and interfaces, generate levels within the semiconductor band gap and absorb UV radiation. These defects originate a depletion region around them when charged. This reduces the effective conduction region of the device, increasing the effective resistance of the film. These results open up new possibilities for the fabrication of low-cost high performance UV radiation sensors for biosafety and also future optoelectronic applications such as optical keys or optical memory. This work is supported by the NSF for Research Infrastructure in Science and Education ͑RISE͒ grant No. HRD-0734846.
